The processes of partial melting and the segregation and migration of melt underpin the differentiation of the lithosphere. The Sm-Nd and Lu-Hf isotopic systems, which are sensitive to these processes, behave similarly during mantle-crust differentiation, leading to isotopically coupled primary (basaltic) and continental (tonalite-trondhjemite-granodiorite, TTG) crustal compositions that define a linear terrestrial fractionation array in eNd vs eHf space. However, Eoarchaean basalts and TTGs from West Greenland do not sit on this trend and are isotopically decoupled, which may reflect their extraction from a mantle with a non-chondritic composition. We explore the effects of source composition vs fractionation on the production and evolution of early Archaean crust. We use phase equilibria and trace element modelling to characterize the Hf-Nd isotopic evolution of a chain of melting from anhydrous mantle through hydrated basalt to TTG. We show that $20% decompression melting of anhydrous mantle with a superchondritic Sm/Nd but chondritic Lu/Hf composition at a mantle potential temperature appropriate to the early Archaean produces basaltic melts with an isotopic composition similar to those measured in Eoarchaean tholeiitic basalts from Isua, West Greenland. In turn, 5-30% melting of hydrated basalt produces TTG melts with Hf-Nd isotopic compositions similar to those measured in Eoarchaean TTGs from the Itsaq Gneiss Complex, West Greenland. Thus, we chart a chain of melting from an isotopically decoupled Hf-Nd mantle composition to isotopically decoupled mafic and felsic crust. Our modelling defines an overall Hf-Nd isotopic fractionation trend that is parallel to, but offset from, that defined by modern rocks with coupled compositions. Primitive mantle contamination by 5% recycled continental crust (TTG) requires a higher degree of mantle melting (30%) to produce basaltic melt with a Hf-Nd composition similar to the Isua basalts. A mantle composition with greater than 5% crustal contamination is more enriched than the Isua basalts, placing an upper limit on the amount of crustal contaminant. A non-chondritic mantle source composition in the early Archaean likely imposed a first order control on the subsequent production of crust with decoupled Hf-Nd compositions.
INTRODUCTION
Partial melting and the segregation and migration of melt are the fundamental processes governing the formation and differentiation of the lithosphere (e.g. Sawyer et al., 2007) . One of Earth's key transformations during the Hadean to Eoarchaean (4Á5-3Á6 Ga) was the emergence of the first primary basaltic crust derived from partial melting of the mantle (Bennett et al., 1993; Hofmann, 1988) and the formation of a complementary residual mantle lithosphere (McKenzie & Bickle, 1988) . In turn, Earth's first continental crust was produced from partial melting of hydrated basaltic crustal rocks to form felsic magmas of the tonalite-trondhjemite-granodiorite (TTG) series (Drummond & Defant, 1990; Martin, 1994; Smithies et al., 2009; Moyen, 2011; Johnson et al., 2017) .
Evidence critical to understanding Earth's secular chemical evolution has been provided through both the samarium-neodymium ( 147 Sm/ 144 Nd) and lutetium-hafnium ( 176 Lu/ 177 Hf) radiogenic isotope systems (e.g. Blichert-Toft et al., 1999) . These isotopic systems behave similarly during mantle-crust differentiation (Patchett & Tatsumoto, 1980) . As a consequence, the majority of oceanic (i.e. basaltic) and continental (i.e. granitic sensu lato) crustal rocks of Phanerozoic and Proterozoic age exhibit coupled Hf-Nd compositions (Vervoort et al., 1999; Vervoort et al., 2000; Chauvel et al., 2008) , in that they define a terrestrial array in eHf-eNd space (in which the isotopic compositions are normalized to chondritic values) along which the two isotopic systems co-evolve. However, oceanic and continental crustal rocks of Eoarchaean age (4Á0-3Á6 Ga) in West Greenland exhibit decoupled Hf-Nd compositions and plot off the terrestrial array (Vervoort et al., 2000; Caro et al., 2005; Hoffmann et al., 2011b) . Such decoupling may result from the processes of partial melting, where the Lu/Hf composition of the melt is lowered due to the presence of garnet or other key phases in the residual source rocks during anataxis in the deep crust (e.g. Schmitz et al., 2004; Gardiner et al., 2018) . Alternatively, decoupled Hf-Nd compositions may reflect the possibility that this early Archaean crust was extracted from a mantle reservoir that itself had a non-chondritic, or decoupled, Hf-Nd (and eHf-eNd) composition (Bennett, 2003; Caro et al., 2005; Rizo et al., 2011; Hoffmann et al., 2011b) .
Although the bulk composition of the Earth has commonly been assumed to be chondritic (McDonough & Sun, 1995) , some workers have proposed that Earth's mantle developed a non-chondritic Sm/Nd composition during the early Hadean Boyet & Carlson, 2006; Labrosse et al., 2007; Caro & Bourdon, 2010; Rizo et al., 2011; Morino et al., 2017) . The existence of a Hadean mantle with a non-chondritic Sm/Nd composition that persisted through to the early Archaean has implications for the Nd isotope composition of any crust extracted during this period.
Eoarchaean, and perhaps Hadean (O'Neil & Carlson, 2017) , basalts are parents to a significant proportion of Earth's felsic continental crust, much of which was generated during the Eo-to Palaeoarchaean (Dhuime et al., 2012) , and which ultimately stabilized to form the first continental nuclei (Johnson et al., 2017) .
Constraining mantle melting processes, and to what extent the composition of basaltic and felsic melts reflects their mantle parentage, is important for understanding the combined Hf-Nd evolution of Earth's early mantle and crustal reservoirs. However, the primary isotopic signatures of Eoarchaean felsic crustal rocks, which potentially inform on Hadean and early Archaean mantle processes, may be obscured due to metamorphic overprinting or magma mixing (e.g. Moorbath et al., 1997) . Consequently, linking the Hf-Nd composition of this early continental crust back through their basaltic parentage to a mantle composition is challenging (e.g. O'Neil & Carlson, 2017) .
The Eoarchaean Itsaq Gneiss Complex of West Greenland , which crops out in the Nuù k region, is one of the best exposed and most extensively studied tracts of ancient crust on Earth. It is predominantly comprised of 3Á89-3Á65 Ga grey orthogneisses, mostly tonalitic in composition (Nutman et al., 1999) , along with spatially and temporally associated supracrustal rocks. The most notable supracrustal sequences of the Itsaq Gneiss Complex are the mafic and metasedimentary successions of the Isua Supracrustal Belt (Allaart, 1976) , which include amphibolites with both tholeiitic and boninitic affinities Jenner et al., 2009) . Workers have deployed a variety of approaches, including trace element and isotope geochemistry, and phase equilibria modelling, to propose that the Isua tholeiites may represent the basaltic parents to the Itsaq Gneiss tonalites (Hoffmann et al., 2011b (Hoffmann et al., , 2014 (Hoffmann et al., , 2019 Nagel et al., 2012) .
In this contribution, we characterize the Hf-Nd evolution of a chain of melting, from initial melting of anhydrous mantle to produce primary (juvenile) basaltic crust, through partial melting of hydrated basaltic crust to produce juvenile continental (TTG) crust. Using an approach that combines thermodynamic, trace element, and isotopic, modelling, we calculate the effects of partial melting of both mantle and crust on the Hf-Nd evolution of the mantle-crust system within the context of the Eoarchaean Earth. Further, we use the approach to investigate the role of the Hf-Nd composition of the mantle source vs fractionation during partial melting, including the effects of crustal recycling, to explore the origin of decoupled Hf-Nd isotopic compositions preserved in Eoarchaean Isua basalts and TTGs from the Itsaq Gneiss Complex.
MODELLING APPROACH
Our approach to exploring the effect of partial melting of a given source (mantle or crust) on melt Hf-Nd composition is to employ a combination of phase equilibria and trace element modelling.
Phase equilibria modelling
Phase equilibria modelling is a proven approach in investigating the processes of partial melting, allowing calculation of the composition and abundance of stable phases (minerals, melt and volatile species), as a function of pressure, temperature and bulk composition, assuming thermodynamic equilibrium. Here, we use new thermodynamic solution models applicable to the partial melting of anhydrous ultramafic rocks and hydrated mafic rocks, to model the melting of dry mantle peridotite and hydrous basalt (amphibolite) respectively. We calculate isochemical pressure-temperature (P-T) phase diagrams, commonly termed pseudosections, using a defined major element bulk composition, to model the composition and abundance of melt and co-existing (residual) minerals, as a function of P and T. Calculations used THERMOCALC version 3.45i (Powell & Holland, 1988) and the internally consistent thermodynamic data set ds63 (updated 5 Jan, 2015) of Holland & Powell (2011) (available at: http://www.metamorph. geo.uni-mainz.de/thermocalc/).
For mantle melting, phase equilibria modelling was undertaken in the anhydrous eight-component chemical system Na 2 O-CaO-FeO-MgO-Al 2 O 3 -SiO 2 -CrO 2 -O (NCFMASCrO) using the activity-composition (a-X) solution models of Jennings & Holland (2015) . These models, and more recent calibrations (Holland et al., 2018) , currently do not permit modelling of hydrated peridotite. Modelling basalt melting was undertaken in the ten-component Na 2 O-CaO-K 2 O-FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -O (NCKFMASHTO) chemical system, which additionally allows consideration of H 2 O and K 2 O. The following a-X were used: augite, garnet, orthopyroxene, biotite, white mica, chlorite (White et al., 2014) ; olivine, epidote (Holland & Powell, 2011) ; tonalitic melt, augite (clinopyroxene), hornblende (amphibole) (Green et al., 2016) ; magnetite-spinel (White et al., 2002) ; ilmenite-hematite (White et al., 2000) ; C1 plagioclase (Holland & Powell, 2003) . For melting basalt, the H 2 O content in the modelled composition was fixed to be just sufficient to saturate the solidus at 1Á0 GPa (producing <1 mol % H 2 O-saturated melt). Calculations assume an Fe 3þ /RFe ¼ 0Á1 (Bé zos & Humler, 2005; Berry et al., 2008) . The abundance of residual zircon during basalt melting was calculated for each melting step using the zirconium (Zr) saturation calibration of Boehnke et al. (2013) , which derives a Zr partition coefficient given T and the predicted major element composition of the melt. Using the Zr content of the source (average Isua basalt), this calculation predicts the Zr content of the residue, which is then converted to weight percent zircon through division by the Zr composition of zircon (here estimated at 430 000 ppm). In all cases the mode of zircon predicted to be in the residuum is insignificant at less than 10 -5 %.
Melting anhydrous mantle: phase relations
We apply the phase equilibria approach to model partial melting of both a modern depleted MORB mantle (DMM), and a primitive upper mantle (PUM) composition, representing a depleted and undepleted dry mantle source, respectively. We take the DMM composition of Workman & Hart (2005) and adopt the PUM major element composition of McDonough & Sun (1995) , which is an estimation of the composition of the bulk silicate Earth. Major element compositions are detailed in Table 1. A P-T pseudosection for the DMM composition in the NCFMASCrO model system is shown in Fig. 1a . The calculated solidus (red line) occurs at around 1700 C at 5 GPa, declining to <1200 C at pressures below 1 GPa. Plagioclase is predicted to be stable only at P < 0Á8 GPa and T < 1200 C. Spinel (chromite) stability is restricted to relatively low pressures (P < 1Á5 GPa at 1000 C and < 3Á3 GPa at 1700 C). At higher P, garnet rather than spinel is stable, with the two phases coexisting over a narrow pressure interval (Fig. 1a) . Clinopyroxene and orthopyroxene are ubiquitous in the subsolidus region. However, upon crossing the solidus, first clinopyroxene (augite) and then orthopyroxene is consumed by the melting reactions. The abundance of melt (as mol % $vol. %), as a function of P and T, is indicated (Fig. 1a , dashed white lines).
As a primary melt, DMM produces normal mid-ocean ridge basalt (N-MORB), a process we model through decompression melting along a 0Á5 C/km adiabatic geothermal gradient (Fig. 1a , dashed red line, which assumes a constant density of 3Á4 gcm -3 ), a reasonable estimate for the upper part of the mantle (Katsura et al., 2010) . For modelling the modern Earth system, we assume a mantle potential temperature (Tp) of 1340 C (Katsura et al., 2010) , which is here simplified as the contemporary mantle adiabat projected to the surface (i.e. no conductive cooling). Along this adiabat, we track the The average Isua basalt composition was calculated using the mean composition of nine meta-basalt analyses (Hoffmann et al., 2011b) , excluding one analysis with high K 2 O and one with anomalously high Sm/Nd. DMM composition taken from Workman & Hart (2005) . PUM composition from McDonough & Sun (1995) .
progressive melting of the mantle, calculating the abundance and major element composition of both melt and residual minerals at 5, 10, 15, 20 and 30 mol % ($ vol. %) melt (see Table 2 ). On decompression, the onset of melting along this adiabat is predicted to occur at around 1370 C and 1Á9 GPa, within the stability field of spinel peridotite ( Fig. 1a ; Table 2 details the abundance of residual minerals). Figure 1c shows residual mineral abundance (normalized to 100%) along the adiabat, as a function of vol. % melt. Increasing melt fraction occurs through reactions consuming mainly clinopyroxene (aug; Fig. 1c ), which is exhausted at $1Á5 GPa at melt fractions of around 15 mol % ($vol. %). Thereafter, melt fractions increase more gradually (Fig. 1a) . The first melts produced along the adiabat are silica-poor ($45 wt % SiO 2 ), with high FeO content ($9Á5 wt %) (Fig. 1e) . With increasing degrees of melting, FeO contents remain constant, but melt MgO content increases from $13 wt % to 17 wt % (Fig. 1e) . At 30% melt fraction, melt SiO 2 content is $52 wt %. A P-T pseudosection for the PUM bulk major element composition is shown in Fig. 1b . Calculated phase relations for PUM are broadly similar to those for DMM, although the stability fields of spinel and orthopyroxene for PUM are reduced, and the onset of melting occurs at lower T at any defined P (i.e. PUM is, as expected, more fertile). We take the same adiabatic geothermal gradient of 0Á5 C/km as for melting DMM, but for the early Earth system we assume an elevated Tp of 1540 C, appropriate for a warmer mantle (Herzberg et al., 2010) (Fig. 1b, dashed red lines) . Along this warmer mantle adiabat (1540 C), the onset of partial melting of PUM is predicted to occur at $1600 C and 3Á7 GPa, within the stability field of garnet peridotite (residual modes in Fig. 1d ). Around 25 mol % ($vol. %), melt is predicted over a small pressure range (0Á1-0Á2 GPa) until first clinopyroxene (at $3Á6 GPa) and then garnet (at $3Á0 GPa) are consumed. Melt production thereafter is more gradual. All melts of PUM along the 1540 C adiabat are silica-poor, ranging from $46Á5 to 47Á5 wt % SiO 2 . Melt FeO content is slightly higher than for DMM melting ($10Á5 wt %) (Fig. 1f) , and MgO higher, increasing from $18 wt % to $20 wt %.
Melting hydrous basaltic crust: phase relations
To model the processes of melting hydrous basaltic crust in the early Earth, and the production of melt of TTG composition (juvenile felsic crust), we use the average major element composition (n ¼ 9; Eoarchaean (c.3Á8-3Á7 Ga) hydrated tholeiitic metabasalts (amphibolites) from the western limb of the Isua Supracrustal Belt, Itsaq Gneiss Complex, West Greenland (Hoffmann et al., 2011b) . These compositions represent basalts whose trace element composition is thought to have been relatively unaltered by later metamorphic and/or hydrothermal processes Hoffmann et al., 2010 Hoffmann et al., , 2011b , and which potentially represent some of the oldest extant mantle melts. Both the eHf-eNd isotopic and Hf-Nd trace element compositions, measured in these Isua basalts are non-chondritic, and in that sense are decoupled (Hoffmann et al., 2011b) . The Isua basalts are candidate source rocks to c.3Á8-3Á7 Ga Itsaq Gneiss Complex TTGs (Hoffmann et al., 2019) . A P-T pseudosection constructed for the average Isua basalt composition is shown in Fig. 2a . We model the melting of this basaltic composition along a simplified (linear) conductive crustal geothermal gradient of 900 C/GPa (red dotted line in Fig. 2a ), appropriate to infracrustal melting within thickened basaltic crust, our preferred geodynamic scenario for felsic crust production in the early Earth Johnson et al., 2017) . Along this geothermal gradient the progressive melting of the mafic source is tracked, and the abundance and major element composition of both melt and residual minerals calculated at 5, 10, 15, 20 and 30 mol % ($ vol. %) melt, i.e. we model non-modal melting (see Table 3 ). The onset of melting along the 900 C/GPa geotherm is predicted to occur at around 675 C and 7Á5 GPa, after which biotite is rapidly consumed, whereas hornblende is consumed more gradually with increasing T and melt production (Fig. 2b) . Notably, along this geotherm garnet is not predicted to be stable. At low degrees of melting ($10%), the first melts, recalculated on an anhydrous weight percent basis ( Fig. 2c) , are silica-rich (73 wt % SiO 2 ), dominantly sodic ($6 wt % Na 2 O) and have low K 2 O ($2Á5 wt %), MgO ($0Á5 wt %) and FeO (<2 wt %). At higher degrees of melting ($20%), the silica content of the melt is lower (70 wt %), but CaO has increased from $1Á5 to $2Á5 wt % (Fig. 2c) .
Trace element modelling
The pseudosection approach, in allowing the calculation of the composition and abundance of melt and solid (residual) phases at a given P and T, provides the framework for trace element modelling. The calculated residual stable phase assemblage in equilibrium with the melt at each discrete melting step (either along the mantle adiabat or crustal geotherm) is used to calculate bulk partition coefficients from individual published mineral-melt partition coefficients (Kd; Table 4 ). In applying the bulk Ds [D ¼ P (KdÁX), where X is the calculated mol % ($vol. %) of the mineral], to the source trace element composition in conjunction with the batch melting equation (Shaw, 1979) , the Sm/Nd and Lu/Hf compositions of the melt are derived (Tables 2   and 3) . These ratios are then normalized to the composition of the Primitive Mantle, PUM (McDonough & Sun, 1995) [(Sm/Nd)/(Sm/Nd) PUM ], here termed (Sm/Nd) N and (Lu/Hf) N , respectively. PUM differs slightly from the mean CI chondritic reservoir (CHUR; Palme et al., 2014) with values of 0Á325 vs 0Á360 for Sm/Nd and 0Á239 vs 0Á221 for Lu/Hf (PUM and CHUR respectively). Our approach allows the calculation of melt (Sm/Nd) N and (Lu/ Hf) N with progressive degrees of melting of a given mantle or crust source.
Melting paths within (Sm/Nd) N vs (Lu/Hf) N space
In our modelling we use the mineral phase relations as determined by major element phase equilibria modelling along an adiabatic or geothermal gradient to define a melting path. To explore the Hf-Nd evolution of the melt, we plot melting paths, which chart the predicted Hf-Nd melt composition for different degrees of melting, in Lu/Hf and Sm/Nd space (i.e. (Sm/Nd) N vs (Lu/Hf) N ) and anchoring 100% melt at the protolith HfNd composition, either mantle or basalt. Figure 3 shows how this modelling works conceptually. Using a specific major element mantle composition (M1), permits calculation of the abundance and composition of stable minerals and melt at a given P and T. Modelling the melting of M1 along an adiabat, we calculate melt (Sm/Nd) N and (Lu/Hf) N for different melt fractions, defining an M1 melting path. Figure 3 demonstrates that this M1 melting path has 100% melt anchored at the PUM-normalized Hf-Nd composition of M1 (blue), or alternatively of a different mantle HfNd composition M2 (orange). This allows us to track melt Hf-Nd fractionation given different mantle Hf-Nd starting compositions.
MODELLING RESULTS

DMM melting
To demonstrate the validity of our approach we model the melting of DMM to produce melt of N-MORB composition, since the average composition of both the modern mantle and N-MORB are well constrained (here, we use the compositions of Sun & McDonough (1989) and Workman & Hart (2005) , respectively). The (Sm/Nd) N and (Lu/Hf) N compositions of the basaltic melt at different degrees of melting of DMM along the 1340 C mantle adiabat (Fig. 1a) are shown in Fig. 4a (black line), where they define a melting path in (Sm/ Nd) N vs (Lu/Hf) N space. The trajectory of this melting path is controlled by the calculated phase relations appropriate to the major element composition of DMM for different degrees of melting of DMM. Also plotted in Fig. 4a (black square) is the (Sm/Nd) N and (Lu/Hf) N composition of N-MORB (1.511 and 0.683, respectively), calculated using the trace element composition of Sun & McDonough (1989) .
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element fractionation during melting of DMM to produce melts of the composition of N-MORB at a melt fraction that is consistent with independent estimates.
Eoarchaean mantle melting arrays Composition of an Eoarchaean mantle reservoir
To explore how the Hf-Nd composition of Eoarchaean tholeiitic basalts, such as those at Isua, relates to that of the mantle from which they were extracted, requires reasonable constraints on both (a) the major element and (b) the Lu/Hf and Sm/Nd compositions of a modelled Eoarchaean mantle reservoir. We take the major element compositions of DMM (depleted mantle) and PUM (primitive mantle) as bracketing compositions, supposing that a depleted Eoarchaean mantle composition must lie somewhere between them. Since the Archaean mantle was on average hotter than on modern Earth (Herzberg et al., 2010) , we model the melting of the DMM and PUM reservoirs along the same adiabatic thermal gradient as before (0Á5 C/km), but with an elevated Tp (1540 C), that is 200 C warmer than at present (Katsura et al., 2010) . These calculations yield melting paths for DMM and PUM in (Sm/Nd) N vs (Lu/Hf) N space, which together bracket an Eoarchaean mantle melting array (plotted in Fig. 4b in grey, anchored at the Hf-Nd composition of PUM). This melting array defines the range of possible melt Hf-Nd compositions resulting from melting a modelled Eoarchaean mantle at an elevated Tp. The average (Sm/Nd) N and (Lu/Hf) N composition of the Isua basalts is also plotted in Fig. 4b (red  square) , which lies at super-chondritic (Sm/Nd) N and sub-chondritic (Lu/Hf) N values (1Á241 and 0Á444, respectively). The Eoarchaean mantle melting array anchored at PUM does not intercept the Isua basalts, with the implication that, within our modelling constraints, the HfNd composition of the Isua basalts cannot be attained from directly melting a mantle of PUM Hf-Nd composition at any degree of melting (Fig. 4b) .
For a modelled Eoarchaean mantle Hf-Nd composition we take a super-chondritic Sm/Nd of $0Á360 ((Sm/ Nd) N ¼ 1Á.434;
147 Sm/ 144 Nd $0Á221) (Rizo et al., 2011) and Lu/Hf equal to that of PUM (red diamond; Fig. 4b ). Anchoring the Eoarchaean mantle melting array at this Nd is assessed through adopting the isotopic fractionation notation of Vervoort et al. (2000) . The fractionation of the melt isotopic composition away from that of the presentday chondritic reservoir (CHUR) of Bouvier et al. (2008) Nd), then F ¼ 1Á5 is taken to imply that the modelled isotopic systems are coupled and will evolve to lie on the terrestrial fractionation array. Deviation from this slope implies a decoupled composition, resulting in the progressive separation of the two isotopic systems with time from the terrestrial array.
Our aim is to investigate whether the decoupled HfNd composition of Eoarchaean felsic (TTG) crust from the Itsaq Gneiss Complex of West Greenland may reflect a decoupled composition of the Eoarchaean mantle reservoir from which it was ultimately extracted. We model an evolutionary chain of melting from mantle, through basalt, to TTG, taking a superchondritic Sm/Nd (decoupled) mantle composition as a starting point. For simplicity, we assume a single mantle melting event to produce the Isua basalts, and then a single basalt melting event to produce TTG. From the modelled mantle composition is projected the Eoarchaean mantle melting array (grey shading). Assuming 20% mantle melting to generate Eoarchaean basaltic (primary) crust, this array defines two end-member (basalt) melt compositions at X and X', 20% melts of PUM and DMM, respectively. These two points, X and X', are in turn taken as starting HfNd compositions for modelling basalt melting. Anchoring the melting path for the average Isua basalt, calculated along the 900 C/GPa geotherm at both X and X', defines a melting array for the Isua basalts, in a manner similar to that described for Eoarchaean mantle melting. We use this basalt melting array to calculate the range of Hf-Nd isotopic compositions of TTG melts for 5 to 30% basalt melting. This evolutionary chain of melting is shown in Fig. 5 .
The Isua basalts, whose Hf-Nd composition is a good fit for 20% melting of a super-chondritic Sm/Nd mantle reservoir (Fig. 5) , record a decoupling of Hf and Nd (Hoffmann et al., 2011b) . In turn, projecting the Isua basalt melting array from the mantle melting array yields melts which are also decoupled (black triangles and green diamonds; Fig. 5 ). These melts are of TTG composition, and their Hf-Nd isotopic compositions plot close to data reported from Itsaq Gneiss Complex TTGs (Fig. 5 ), especially at low degrees of melting, which is feasible (Zhu et al., 2011) . 
DISCUSSION
Modelling inputs and approach Eoarchaean mantle composition
Deciphering the composition of Earth's early mantle is challenging, especially as there is an almost complete lack of geological evidence in the form of Hadean crustal rocks. However, the Lu/Hf and Sm/Nd composition of an Eoarchaean mantle parent to the Isua metabasalts is reasonably well constrained. Sm-Nd whole-rock isochrons measured in Eoarchaean metabasalts from Isua have initial 143 Nd compositions of between 0Á219-0Á226 (Sm/Nd between 0Á355-0Á366), with a minimum age of differentiation between 4Á53 and 4Á32 Ga, depending on the model chosen (Caro et al., 2005; Rizo et al., 2011; Morino et al., 2017) . In addition, zircon Hf isotope data from the Itsaq Gneiss Complex supports a chondritic Lu/Hf mantle reservoir in the Eoarchaean, at least up until 3Á8 Ga (Hiess & Bennett, 2016; Fisher & Vervoort, 2018) , and chondritic eHf values have been measured in the Isua tholeiitic basalts (Hiess et al., 2009; Hoffmann et al., 2011b; Naeraa et al., 2012 ). An upper mantle that differentiated to be super-chondritic with respect to Sm/Nd, but was chondritic for Lu/Hf is, by definition, decoupled.
The lower mantle phase Ca-perovskite uniquely fractionates Sm/Nd, but not Lu/Hf (e.g. Rizo et al., 2011) . Consequently, a super-chondritic Sm/Nd upper mantle composition in the Eoarchaean may reflect an early Hadean depletion event due to development of a terrestrial magma ocean and the accompanying crystallization of Ca-perovskite (e.g. Caro et al., 2005; Corgne et al., 2005; Liebske et al., 2005; Jackson et al., 2014) . Defining the major element composition of a depleted Nd isotopic composition similar to the average of the Isua basalts (red square). Melt modelling of the Isua basalt major element composition along the 900 C/GPa geothermal gradient at 5-20% melting in turn yields TTG melts with a decoupled isotopic composition. Plotted isotopic compositions of Eoarchaean TTGs from the Itsaq Gneiss Complex, West Greenland (orange circles) are either calculated from reported trace element compositions (Nutman et al., 2007; Hoffmann et al., 2011a) or reported isotopic compositions upper mantle arising from this process is outside the scope of this contribution. Nonetheless, it is reasonable that the major element composition of an Eoarchaean upper mantle is likely to be bracketed by the compositions of (a) depleted N-MORB mantle (DMM) and (b) primitive upper mantle (PUM) as a proxy for the bulk silicate Earth. Since the major element composition of PUM taken here differs only slightly to that of DMM, both have similar melting paths in f(Sm/Nd) vs f(Lu/Hf) space (viz. Fig. 4b ).
Isua basalt composition
Geochemical analyses of the Isua basalts were chosen based on a survey of the existing data for Isua tholeiitic basalts (e.g. Jenner et al., 2009; Hoffmann et al., 2011b) . Of these data, only Hoffmann et al. (2011b) provide independent isotope dilution data for Sm, Nd, Lu and Hf, which are the key trace elements for the present study. Rejection of two obvious outliers, one with elevated K 2 O and another with anomalously high Sm/Nd (grey squares; Fig. 6 ), from the data of Hoffmann et al. (2011b) , resulted in the average values used in our modelling (Table 1 ). The 2r uncertainties on our average Isua basalt composition are $0Á04 (Sm/Nd), and $0Á06 (Lu/Hf). An evaluation of these selected samples in comparison to the total available Isua tholeiitic basalt dataset outlined above reveals no discernible difference between their average compositions. Furthermore, our selected average Isua basalt plots along the fractional crystallization trend for the tholeiitic rocks at Isua calculated by Szilas et al. (2015) . Thus, we suggest that the selected average composition used in the present study represents a reasonable estimate of the integrated composition of Eoarchaean mafic crust.
The magmatic parents of the Isua basalts likely experienced crystal fractionation. However, the effects of crystal fractionation are negligible with respect to their Hf-Nd systematics, because: (a) olivine dominated the fractional crystallization evolution of the Isua basalts (Szilas et al., 2015) , in which none of the trace elements of interest are compatible; (b) no relevant (e.g. La/Sm, Hf/Lu, Nd/Sm) trace element ratios show any covariance with MgO or other parameters that would otherwise imply assimilation during fractional crystallization (Hoffmann et al., 2011b) ; and (c) although anomalies in Sr and Eu imply late fractionation (either loss or accumulation) of plagioclase (Szilas et al., 2015) , this has no effect on the Hf-Nd composition of the evolved melts.
Mantle modelling sensitivities
To explore the effects of varying the modelling inputs: starting mantle composition, mantle potential temperature, and degree of mantle melting, models were run where these inputs are independently modified, and results are shown in Fig. 7 . A chondritic starting mantle composition (Fig. 7a) has the effect of shifting the array towards more enriched Sm/Nd compositions, as would be expected given the starting composition is itself more enriched. The resulting TTG melt is closer to having a coupled Hf-Nd composition than that with the non-chondritic mantle, especially that derived from PUM melting.
The choice of Tp affects the stability and modes of phases during adiabatic mantle melting. Comparing the mantle adiabat anchored at a Tp of 1440 vs 1540 C (Fig. 1) shows that for DMM and PUM melting, garnet is exhausted by 20% mantle melting at the lower Tp, while for the higher Tp, garnet is stable until at least 25% mantle melting. Plotting the melting arrays for the lower Tp, shows that the net effect is to shift both basaltic and TTG melts towards less enriched Sm/Nd compositions (Fig. 7b) .
A further control on the overall Hf-Nd fractionation from mantle to TTG, is the degree of mantle melting chosen. The curvature of the melting array in Hf-Nd space implies that below 25% mantle melting, the melting path has more impact on the overall fractionation of Sm/Nd than Lu/Hf (Fig. 7c) . In comparison, the degree of basalt melting taken is of less importance, as the predicted Hf-Nd fractionations from reasonable melt fractions (5-30%) are small, and the Hf-Nd compositions of resultant TTG melts are similar.
We model anhydrous mantle melting. Clearly, the presence of small quantities of H 2 O in the mantle source rocks will lower the solidus temperature and produce more melt at any specified (supra-solidus) P and T, with potential consequences for the stability of the silicate minerals. However, it is currently not possible to quantitatively model these effects, which awaits further development of appropriate solution models.
Phase control on Hf-Nd compositions
The plots in Fig. 8 detail residual mineral control on melt Hf-Nd composition as a function of melt fraction, for DMM with a Tp of 1340 C (Fig. 8a ) and DMM and PUM at 1540 C (Figs 8c and d) , and for the Isua basalts (Fig. 8b) . The axes represent the normalized ratio of mineral/melt Kds multiplied by the calculated abundance of the mineral at each melt fraction; the ensuing composition of melt is also shown (dotted lines). Taking olivine as an example, the value on the x-axis (Sm/Nd sensitivity) is calculated as [-(Kd Fig. 8 ) is an aggregate of the phase vectors, which determines the overall calculated Hf-Nd composition of the melt; these are positive values, and thus show melt enrichment in the incompatible elements Sm and Lu.
In melting DMM given a Tp of 1340 C (i.e. modern Earth; Fig. 8a ), at all melt fractions from 5-20%, olivine is the principal control on melt Lu/Hf fractionation, whilst orthopyroxene is the primary control on melt Sm/Nd fractionation. In comparison, garnet and clinopyroxene exert minimal control, in part due to their low modes during melting. Interestingly, for most melt fractions the mineral phase control on melt Hf-Nd fractionation is similar, however clinopyroxene is only stable between 5 and 10% DMM melting, and its loss by 15% mantle melting causes the observed kink in the trajectory of the melting path in Fig. 3a . The same plot for the Isua basalts is shown in Fig. 8b , which shows that both orthopyroxene and amphibole dominate both Lu/Hf and Sm/Nd fractionation, with a minor contribution from clinopyroxene to Sm/Nd fractionation, mainly at 30% melting. Figure 8c and d show the same plots for DMM and PUM for melting along an adiabat with a Tp of 1540 C. Again, olivine and orthopyroxene (where present) are the major controls on Lu/Hf and Sm/Nd fractionation, respectively. We find that garnet, where present, has a greater control on melt Sm/Nd fractionation than Lu/Hf.
Phase equilibria and trace element modelling inherently contains a number of assumptions, including that thermodynamic equilibrium was attained, and that use of the batch melting equation is appropriate. We choose partition coefficients (Kd) which are appropriate to melting of mafic and ultramafic rocks (Table 4) .
Hf-Nd evolution from mantle to TTG
We seek to better constrain the roles of mantle source composition vs the effects of partial melting on the HfNd compositions of Eoarchaean basalts and TTGs. Our modelling of decompression melting of DMM reproduces well the composition of N-MORB at appropriate melt fractions. In the early Earth scenario, the modelling yields a melting array that provides a reasonable fit for the measured Hf-Nd compositions of both the Isua tholeiitic basalts and TTGs for appropriate degrees of melting of the mantle (20%), and of basalt (5-30%), respectively (Fig. 5) .
This evolutionary chain of melting charts an overall fractionation from a super-chondritic Sm/Nd mantle composition to a TTG melt of around -0Á13 Sm/Nd and -0Á15 Lu/Hf, assuming 20% melting of a PUM mantle, 20% Isua basalt melting, and a Tp of 1540 C (Fig. 5) . In isotopic terms, the fractionation from mantle to basalt for 147 Sm/ 144 Nd is -0Á077 and for 176 Lu/ 177 Hf -0Á021. This overall fractionation equates to an overall depletion from a mantle value of $300 ppb Nd and $42 ppb Hf. The super-chondritic Sm/Nd mantle composition (Sm/ Nd ¼ 0Á373) represents an excess in Sm over a PUM composition of $60 ppb. We thus model an overall Nd depletion from mantle to TTG of the order of five times greater than the Nd enrichment required for the development of a super-chondritic Sm/Nd mantle. Our modelling predicts that a chain of melting from a decoupled Hf-Nd mantle composition yields both basalt and TTG compositions that are also decoupled with respect to the Hf and Nd systems. This Hf-Nd isotopic fractionation trend from mantle through basalt to TTG is broadly parallel to, but offset from, those values which are isotopically coupled (Fig. 5) , implying that a non-chondritic mantle composition may exert a major control in shifting the whole fractionation trend during melting away from isotopically coupled compositions in Hf-Nd space. These calculated decoupled Hf-Nd compositions, similar to those measured in Eoarchaean basalts and TTGs, will develop to lie off the eHf-eNd terrestrial array. Modelling a mantle of chondritic composition, in contrast, produces basaltic melt which diverges from the Hf-Nd composition measured in the Isua basalts, and in turn generates melts of a TTG composition which are closer to having isotopically coupled values (Fig. 7a) . Further, our modelling is relatively insensitive to changes in Tp, and degrees of mantle melting, as also shown in Fig. 7 .
Signatures of crustal recycling and implications for isotopic decoupling
We suggest that the decoupled Hf-Nd isotopic compositions as measured in West Greenland Eoarchaean basalts and TTGs may reflect their extraction from a mantle which itself was isotopically decoupled. However, our modelling assumes that the mantle from which the basalts were extracted had not experienced any previous enrichment. Hoffmann et al. (2011b) invoked the presence of a light rare earth element (LREE)-enriched (metasomatic) component within the Isua mantle source. In this model, LREE elements would be preferentially liberated from a subducting slab as it devolatilized or melted (e.g. Kessel et al., 2005) , thereby enriching the mantle reservoir in LREE, notably Nd (Jenner et al., 2009; Hoffmann et al., 2011b) . This process would cause the mantle composition to evolve towards lower Sm/Nd values. LREE enrichment of a mantle source would also be expected to elevate its Lu/ Hf composition. Notably, Eoarchaean metaboninites from Isua tend to have more radiogenic initial Hf isotope values above that of chondrite, in contrast to the tholeiitic melts considered here (Hoffmann et al., 2010) , suggesting a more depleted mantle source.
Deviations are observed between the incompatible trace element ratios predicted by our model, and those measured in the Isua basalts (Fig. 6) . The offsets are consistent with some degree of crustal contamination, the effects of which are illustrated by orange arrows in Fig. 6 . This crustal contamination could either have occurred during magma chamber processes, or it could represent a mantle source overprint in the form of a melt-like subduction component, as proposed by Hoffmann et al. (2011b) . Arguably, the elevated silica content of the Isua basalts (average here, $50 wt % SiO 2 ) may favour late-stage contamination within a magma chamber, because silica would likely have been buffered by olivine in the mantle (e.g. Yaxley & Green, 1998) . However, it is hard to distinguish between these two crustal contamination scenarios on the basis of trace element compositions alone.
If the mantle source to the Isua basalts had been affected by crustal contamination, then as Fig. 6d highlights, this would have affected their Lu/Hf and Sm/Nd compositions or, conversely, basalts extracted from a pristine PUM mantle source (i.e. without crustal contamination) require higher degrees of mantle melting than previously inferred.
To further assess how a mantle contaminated with crustal material might affect the Hf-Nd composition of extracted basalts, we re-ran the modelling with a modified mantle composition. For a continental crustal contaminant, we took an average composition of Itsaq Gneiss TTGs (n ¼ 33; Nutman et al., 2007; Hoffmann et al., 2011a) , which gives a modelled TTG contaminant with Lu/Hf ¼ 0Á029 and Sm/Nd ¼ 0Á126. We then created a "contaminated mantle" composition with 95% superchondritic Sm/Nd PUM mantle and 5% of this average TTG contaminant. This contaminated mantle composition has Lu/Hf ¼ 0Á156 and Sm/Nd ¼ 0Á300 (red diamond, Fig. 9a ). Also shown on Fig. 9a is the PUM melting path anchored at this contaminated mantle composition in (Sm/Nd) N vs (Lu/Hf) N space. The net effect of 5% TTG contaminant is that 30% mantle melting is required to produce melt with a composition similar to the Isua basalts (Fig. 9a) . Figure 9b shows how the originally super-chondritic Sm/Nd mantle composition varies in (Sm/Nd) N vs (Lu/ Hf) N space as a function of degree of contamination (from 1% to 20%) by the average Itsaq Gneiss TTG. Beyond 5% contamination, the modelled mantle is more enriched than the average Isua basalts (red square, Fig. 9b ), implying that at no degree of mantle melting could their Hf-Nd composition ever be attained. This puts an upper bound on the potential degree of crustal contamination that can be accommodated (i.e. it was $5% or less), at least within the bounds of our modelling. Figure 7c shows the effect of 30% mantle melting (instead of 20%) on our overall chain of melting from mantle to TTG. This higher degree of mantle melting has the net effect of migrating the predicted Hf-Nd compositions of TTG melts towards more enriched Sm/Nd, and away from those measured in Itsaq Gneiss TTGs. Therefore, although higher degrees of contaminated mantle melting better accommodate the Isua basalt compositions, lower degrees of mantle melting better accommodate the ultimate TTG compositions. This contradiction may be explained by multi-generational melting, as discussed later.
Mantle Nd isotopic evolution
The Nd isotopic evolution of a mantle that developed a super-chondritic Sm/Nd composition in the early Hadean, and which persisted through to the Eoarchaean, determines the eNd of basalt extracted from it (i.e. initial (Fig. 10) .
Extracting melt from this mantle composition at both 3Á8 and 3Á7 Ga yields basalts with an initial eNd 3800 of þ2Á15 and eNd 3700 þ2Á47, respectively. Although the data are scattered (Fig. 10) Hf-Nd melting arrays in the production of TTG Garnet, which is predicted to be stable within the lower portions of thick plateau-like mafic crust and/or within down-going slabs at depth (e.g. Johnson et al., 2017) may cause significant fractionation of Lu from Hf during basalt melting Gardiner et al., 2018) . Thus, deep melting of basalt may be one driver of Hf-Nd decoupling in Eoarchaean TTGs. Some leucosomes in the Isua basalts contain garnet, implying that melting occurred within the garnet stability field (Hoffmann et al., 2014) . The Isua basalts considered here are relatively Mg-rich, and for these our modelling calculates garnet only to be stable at pressures above $1Á2 GPa, which compares well with the $1Á1 GPa predicted by Hoffmann et al. (2019) for an Isua tholeiite using the same activity models. Thus, along the 900 C/ GPa geothermal gradient, along which we model basalt melting, we do not predict garnet to be stable (Fig. 2) . However, melt modelling the Isua basalts along cooler geotherms, i.e. at higher P, has garnet stable. Figure 7d shows the effect of melting the Isua basalts along a 700 C/GPa geothermal gradient, which includes the effect of restitic garnet (Fig. 2) . Predicted TTG melt compositions for different degrees of melting are more clustered, but are not distinctly different to melting along the 900 C/GPa geothermal gradient (cf. Fig. 5 ).
Eoarchaean geodynamic settings
We estimate that 20-30% melting of the Eoarchaean mantle was required to produce basaltic melts with the Hf-Nd composition of the Isua metabasalts, depending on whether a crustal contaminant is taken into account. These inferred melt fractions compare well with the lower estimates ($15%) proposed to account for the Lu/ Hf ratios of Archaean mafic crust calculated from Hf isotopes (Hawkesworth et al., 2017) . The estimates also match the range (20-30%) invoked for generation of primary (tholeiitic) basalts in the Archaean (Zegers & van Keken, 2001; Bé dard, 2006; Herzberg et al., 2010) . However, our modelled melt fractions are slightly or much lower than those (25-45%) for Archaean tholeiitic basalts calculated from residual peridotites that sampled the Archaean lithospheric mantle (Herzberg & Rudnick, 2012) . Based on a modern mid-ocean ridge analogue, Herzberg & Rudnick (2012) proposed a simple relationship by which $1 km of primary crust results from $1% mantle melting. If this relationship holds true for mantle melting in the Eoarchaean, $20-30% melting equates to an original (i.e. unthickened) thickness for Eoarchaean primary crust in Isua of $20-30 km. Estimates on the thickness of primitive crust in the Archaean vary from 20-35 km (Sleep & Windley, 1982; Abbott et al., 1994; Ohta et al., 1996) , to in excess of 40 km (Herzberg & Rudnick, 2012) . Non-uniformitarian models for the origin of Earth's first stable juvenile continental crust include the partial melting of hydrated basalts at the base of thickened oceanic plateaux (e.g. Smithies et al., 2009; Johnson et al., 2017) . The volcanic plateau model for the origin of early felsic continental crust requires a minimum crustal thickness of the order of 30 km to induce melting at its base under assumed Archaean geothermal gradients . Our modelling has melting of the Isua basalts at depths of 35-45 km; melting at this depth implies significant crustal thickening (up to 150% or more) from our suggested original thickness of $20-30 km. Similar to our predictions of 5-30 % basalt melting, other studies also propose $20-30% basalt melting to produce early TTGs (e.g. Zegers & van Keken, 2001) .
Production of primary basaltic crust in the early Earth required a significantly higher degree of mantle melting ($15-30%), possibly at greater depths, than at the present day. These factors point towards a distinct Hadean-Early Archaean geodynamic regime (Johnson et al., 2017; O'Neil & Carlson, 2017) , which is supported by the implied longevity (c. 500-1000 Ma) on the Earth's Nd to $0Á221 (model of Rizo et al., 2011) . Extracting melt from this mantle composition at both 3Á8 and 3Á7 Ga yields basalts with an initial eNd of þ2Á15 and þ2Á47, respectively. The basalt evolution trends are for Sm decay constant of Lugmair & Marti (1978) . Also plotted are reported eNd from Isua metabasalts; red (Hoffmann et al., 2011b) ; green , Hoffmann et al., 2010 surface of oceanic crust during the Hadean-Eoarchaean (Rizo et al., 2012) . Such longevity is consistent with the polycyclic reworking of basaltic crust invoked for some Archaean terranes, for example the East Pilbara Terrane, where current models have enriched nontholeiitic basalts as parents to the juvenile Palaeoarchaean TTGs Johnson et al., 2017) . These studies assume that the enriched basalts were themselves the product of melting more primitive basalt. A multi-stage melting history for the Isua tholeiitic basalts has also been proposed (Hoffmann et al., 2014) . Thus, the evolutionary chain of melting from mantle to TTG perhaps requires more additional steps than those modelled here (as implied earlier), the net effect of which will be to drive TTG compositions towards still more fractionated f( 
Secular mantle evolution
The observation that both basaltic and felsic Eoarchaean crustal rocks from West Greenland have decoupled eHf-eNd compositions contrasts with Proterozoic and younger crustal rocks which define the terrestrial fractional array (Bennett et al., 1993; Vervoort et al., 2000; Hoffmann et al., 2011b) . In this contribution we postulate that decoupled Hf-Nd compositions measured in Eoarchaean crust may reflect their extraction from a non-chondritic mantle composition. Whether such a distinct mantle composition existed, or if so, whether it represented a global mantle signature, or was only a local phenomenon, is of debate. 142 Nd anomalies, implying a distinct mantle Sm/Nd composition, have also been measured in the Nuvvuagittuq Greenstone Belt, Canada (O'Neil et al., 2008) although implications for mantle composition depend on whether these rocks are assigned Eoarchaean or Hadean ages (e.g. Rizo et al., 2013) . If a super-chondritic Sm/Nd mantle composition was indeed a global phenomenon during the Eoarchaean, then it implies that prior to the Proterozoic, perhaps as early as 3Á4 Ga (Rizo et al., 2012) , the composition of the upper mantle returned to a coupled state, which may reflect re-homogenization through lower mantle melting and mixing. Earth's modern mantle is relatively well-mixed (Bina & Helffrich, 2014) , driven by mantle convection and mass transfer through the mantle transition layer. A step-change in the efficacy of mantle mixing between the Hadean and Late Archaean may have been the result of enhanced plume activity (Maier et al., 2009) , or perhaps records the onset of global plate tectonics (O'Neill et al., 2013) , reflected in the isotopic composition of oceanic and continental crust extracted since at least the Early Proterozoic.
CONCLUSIONS
• Production of primary basaltic crust in the early Earth required a significantly higher degree of mantle melting ($20-30%) than present-day N-MORB, consistent with higher ambient mantle temperatures in the early Earth.
• Our modelling confirms that a modelled chain of melting from mantle though basalt to TTG defines an overall Hf-Nd isotopic fractionation trend that is parallel to that defined by modern rocks with coupled compositions. This is in line with expectations that the Lu/Hf and Sm/Nd systems behave in a similar manner during melting processes.
• Contamination of a mantle source with 5% recycled continental crustal (TTG) material means a higher degree of mantle melting (here, 30%) is required to produce basaltic melt that has a similar Hf-Nd composition to that generated from lower degrees of melting (20%) of an uncontaminated mantle. Modelling suggests >5% continental crustal contamination shifts mantle compositions to be more enriched than the average Isua basalts, thereby putting some upper limit on the amount of crustal contaminant.
• West Greenland Eoarchaean crustal rocks have decoupled Hf-Nd compositions that sit below the terrestrial fractionation trend, for which one model may be that they were extracted from a non-chondritic mantle source composition in the early Archaean.
